MICU1 is an EF-hand-containing mitochondrial protein that is essential for gating of the 2 mitochondrial Ca 2+ uniporter channel (mtCU) and is reported to interact directly with the pore-3 forming subunit, MCU and scaffold EMRE. However, using size-exclusion proteomics, we found 4
1 3 2 level of expression we blotted for FLAG-tagged MIC60 (~90kDa), CHCHD2 (~16kDa), and 1 3 3 CHCHD3 (~26kDa) and HA-tagged MICU1 (~55kDa) (Figure 2A ). All were expressed to similar 1 3 4 degrees, but only MIC60 and CHCHD2 pulled-down with MICU1 ( Figure 2A ). We validated this 1 3 5 result by reverse IPs and confirmed the interaction of MICU1-FLAG with endogenous MIC60 1 3 6 and CHCHD2, but not with CHCHD3 ( Figure S2A ). This suggests that MICU1 may directly 1 3 7 interact with MIC60 and CHCHD2, but not with CHCHD3 and that its biotinylation in our 1 3 8 discovery assay was likely due to its general proximity to MICU1. To substantiate the MICU1 1 3 9 interaction with MIC60 and CHCHD2 we performed co-immunofluorescence labeling and 1 4 0 imaged to examine sub-mitochondrial localization ( Figure 2B, 2C, 2D, 2E) . The line-scan profile 1 4 1 shows distinct pixels with spectral overlap of MICU1 with MIC60, and MICU1 with CHCHD2 1 4 2 ( Figure 2C, 2E ). Together, these data suggest that MICU1 directly interacts with the core 1 4 3 MICOS components. 1 4 4
To further characterize the functional relevance of MICU1 interaction with MICOS components, 1 4 5 we performed FPLC to fractionate the high-MW MICOS complex in WT, MCU -/-, and MICU1 -/-1 4 6 cells. Immunoblots of 19 fractions ranging from ~10kDa to ~900kDa were probed for MIC60, 1 4 7 CHCHD2 and CHCHD3 expression; all showed robust immunoreactivity in native protein 1 4 8 ratio are significantly reduced in MICU1 -/cells ( Figure 3B-3D ). This suggests that mitochondria 1 7 0 are less filamentous in MICU1 -/cells. Next, we analyzed the inter-cristae junction (distance 1 7 1 between cristae) and the cristae junction width (distance between IMM of the same cristae) in 1 7 2 WT and MICU1 -/cells. The inter-cristae junction distance is reported to be directly proportional 1 7 3 to cristae density. MICU1 -/cells displayed a significant increase in both the inter-cristae junction 1 7 4 distance and cristae junction width, as compared to WT cells ( Figure 3E, 3F ). 1 7 5
The bottleneck structure of cristae is essential to the maintenance of the mitochondrial 1 7 6 respiratory chain complexes (Friedman et al., 2015; van der Laan et al., 2016) . Disorganization 1 7 7 and cristae remodeling is associated with the release of cytochrome c from bottlenecks, which 1 7 8 subsequently induces cell death signaling pathways (Scorrano et al., 2002) . To further define 1 7 9 the role of MICU1 in cristae regulation, we monitored tBid-induced cytochrome c release in 1 8 0 primary Micu1 -/mouse embryonic fibroblasts (MEFs). The loss of MICU1 resulted in increased 1 8 1 basal cytochrome c release and this was potentiated after tBID treatment ( Figure 3G , 3H). To 1 8 2 rule out possible indirect effects of MICU1 regulation of mtCU-Ca 2+ uptake on cristae structure, 1 8 3 we examined m Ca 2+ uptake in Chchd2 -/-MEFs. CHCHD2 was previously identified as a core 1 8 4 MICOS component and its genetic deletion results in abnormal cristae organization (Meng et al., 1 8 5 2017). WT and Chchd2 -/-MEFs were permeabilized with digitonin in the presence of 1 8 6 thapsigargin to monitor m Ca 2+ uptake independent of plasma membrane and ER Ca 2+ transport 1 8 7 using ratiometric Ca 2+ sensor. Chchd2 -/cells showed no change in m Ca 2+ uptake suggesting 1 8 8 that altered cristae structure alone is insufficient to impact mtCU-dependent m Ca 2+ uptake 1 8 9 ( Figure S3A, S3B ). Further, we found that loss of CHCHD2 had no effect on mitochondrial 1 9 0 calcium efflux (rate of Ca 2+ exiting the matrix after Ru360 blockade of MCU; Figure S3A , S3C). 1 9 1
We also examined the high-MW/functional mtCU complex in Chchd2 -/-MEFs by FPLC-based 1 9 2 protein fractionation and observed no change in MCU distribution ( Figure S3D , S3E). These 1 9 3 observations suggest that altered cristae structure alone does not have a significant impact on 1 9 4 mtCU assembly or m Ca 2+ dynamics. 1 9 5
In summary, we characterized the MICU1 interactome and identified a distinct involvement in 1 9 6 cristae organization independent of the mtCU and mitochondrial calcium uptake. Our study 1 9 7 reveals a direct interaction between MICU1 and core MICOS components and shows that this 1 9 8 interaction is essential to form the functional MICOS complex. This mechanism could explain 1 9 9 the lethal phenotype observed in MICU1 knockout models (Antony et al., 2016; Liu et al., 2016;  2 0 0 Tufi et al., 2019) , as our results suggest that loss of MICU1 could induce both necrotic, as well 2 0 1 as apoptotic, death signaling events independent of matrix Ca 2+ overload. Our results also 2 0 2 highlight the need to reappraise the MICU1/mtCU literature as some of the reported phenotypes 2 0 3 may be influenced by alterations in the function/structure of the MICOS, rather than dependent 2 0 4 on changes in mitochondrial calcium uptake. Further research is needed to define the precise 2 0 5 interaction of MICU1 with MICOS components to hopefully identify tools to enable the dissection 2 0 6 of mtCU-dependent vs. independent functions in mitochondrial biology. In summary, the current 2 0 7 study identified a novel role for MICU1 in regulating the cristae junction, independent of the 2 0 8 mtCU, which is essential for mitochondrial physiology. To generate Start-BioID2-HA plasmid, BioID2 was PCR-amplified from the MCS-BioID2-HA 2 1 3 plasmid using primers designed to introduce an ATG start codon immediately downstream of 2 1 4 the BamHI restriction site of the MCS. The PCR product was cloned via BamHI and HindIII into 2 1 5 the MCS-BioID2-HA plasmid (Addgene #74224). To generate the MICU1-BioID2-HA, MICU1 2 1 6 was PCR amplified from the hMICU1-Myc-DDK plasmid using primers to introduce a 5' AgeI 2 1 7 and a 3' BamHI restriction site. The PCR product was cloned via AgeI and BamHI into the MCS-2 1 8
BioID2-HA plasmid (Addgene #74224). MICU1-HA plasmid was generated by cleaving the 2 1 9 MICU1 fragment from the MICU1-FLAG plasmid using the SgfI-MluI restriction sites and 2 2 0 inserted at the same sites in pCMV6-AC-HA vector. All plasmids were confirmed using the 2 2 1 μ M biotin for 16h. Cells were collected, washed with PBS 2 times, and lysed in BioID2 2 7 7 lysis buffer (50 mM Tris, pH 7.4, 500 mM NaCl, 2% Triton X-100, 0.4% SDS, 1 mM 2 7 8 dithiothreitol) supplemented with SIGMAFAST™ Protease Inhibitor Cocktail (Sigma-Aldrich, 2 7 9
Cat#S8830). The cell suspension was sonicated for 2 times each for 1 min at an output level of 2 8 0 40 (Vibra-Cell, Sonics). An equal volume of 50 mM Tris, pH 7.4, was added and the suspension 2 8 1 was cleared using centrifugation at 16,500 g for 20 min. The supernatant was used for 2 8 2 immunoblotting or Streptavidin based pull-down using MyOne Dynabeads Streptavidin C1. was calibrated with a gel filtration calibration standard (Bio-Rad, Cat#1511901). The cleared cell 2 9 0 lysates were directly loaded onto FPLC and fractioned at a flow rate of 0.5 mL/min. Protein 2 9 1 fractions were collected in 0.5 mL PBS, concentrated to 50µL volume using an AMICON Ultra-2 9 2 0.5 Centrifugal Filter Devices (with a 3,000 kD cutoff) (EMD Millipore, Cat#UFC500396). 2 9 3
Concentrated fractions were then immunoblotted using specific antibodies. 2 9 4
Co-immunoprecipitation 2 9 5
To study protein-protein interactions, immunoprecipitation experiments were performed as 2 9 6 described earlier (Tomar et al., 2016) . Briefly, HEK293T cells were co-transfected with the 2 9 7 indicated plasmids. After 36h of transfection, cells were harvested, washed with ice-cold PBS 2 9 8 and lysed in 1X RIPA lysis buffer (EMD Millipore, Cat#20-188) supplemented with 2 9 9 SIGMAFAST™ Protease Inhibitor Cocktail (Sigma-Aldrich, Cat#S8830). Protein concentrations 3 0 0 were determined by Pierce 660nm Protein Assay (Thermo Fisher Scientific, Cat#22660) and 3 0 1 equal proteins amounts were used for co-immunoprecipitation. Cleared cell lysate was 3 0 2 incubated with Anti-FLAG M2 Magnetic Beads (Sigma-Aldrich) on a roller shaker overnight at 3 0 3 4°C. Beads were washed 3 times with RIPA buffer and 2 times with TBS-T, resuspended in 2X 3 0 4 SDS-PAGE sample buffers, and then immunoblotting was performed using specific antibodies. 3 0 5
Co-immunofluorescence 3 0 6
The mitochondrial localization of mtCU, MICOS, and MICU1 was also analyzed by 3 0 7 immunofluorescence using standard protocol (Tomar et al., 2015) . Briefly, the MEFs stably 3 0 8 expressing MICU1-FLAG were grown on collagen-coated 35-mm dishes. Cells were washed 3 0 9
with PBS, fixed for 20min with 4% paraformaldehyde, then permeabilized for 15min by 0.15% 3 1 0 Triton X-100. Permeabilized cells were blocked using 10% BSA for 45min at room temperature 3 1 1 and incubated with primary antibodies overnight at 4°C. After incubation, cells were washed 3 3 1 2 times with blocking reagent and incubated with Alexa Fluor-tagged secondary antibodies for 1h 3 1 3 at room temperature. Cells were washed 3 times with PBS, and confocal images were obtained 3 1 4 using an LSM 510 META Laser Scanning Microscope (Carl Zeiss, Inc.) at 488-and 647-nm 3 1 5 excitations using a 63x oil objective. Images were analyzed and quantitated using ZEN 2010 3 1 6 software (Carl Zeiss, Inc.), and Image J Fiji. 3 1 7 Proximity ligation assay 3 1 8
Proximity ligation assay (PLA) was used to detect in situ MICU1: MICOS interactions. MICU1-3 1 9
FLAG expressing MEFs were seeded on collagen-coated 35-mm dishes. Cells were washed 3 2 0 with PBS, fixed for 20min with 4% paraformaldehyde, then permeabilized with 0.15% Triton X-3 2 1 100. PLA was performed as per manufacturer's instructions (Sigma-Aldrich, Duolink® In Situ 3 2 2
Red Mouse/Rabbit Assay). Images were acquired using an LSM 510 META Laser Scanning 3 2 3
Microscope (Carl Zeiss, Inc.) using a 63x oil objective. 3 2 4
Transmission electron microscopy 3 2 5
Transmission electron microscopy (TEM) was utilized to evaluate mitochondrial ultrastructure 3 2 6 and cristae organization. HEK293T cells of the indicated genotypes were grown to 80% 3 2 7 confluency on 25 mm diameter Thermanox® Cover Slips (Thermo Fisher Scientific, 3 2 8
Cat#174985PK) in 6-well plates. Culture media was removed, and cells were fixed with freshly 3 2 9 prepared TEM fixation buffer (2% glutaraldehyde, 2% paraformaldehyde in 0.1M sodium 3 3 0 cacodylate buffer) for 30 min at room temperature. Fixative was replaced with 0.1M sodium 3 3 1 cacodylate buffer, and then samples were processed for TEM imaging. Images were obtained 3 3 2 using Zeiss LIBRA120 TEM equipped with Gatan UltraScan, 1000 2k x 2k CCD EFTEM, energy 3 3 3 filtering. Images were analyzed and quantitated Image J Fiji. 3 3 4 Cytochrome c release assay 3 3 5
The cytochrome c release assay was performed as described earlier (Tomar et al., 2015) with 3 3 6 slight modifications. Briefly, MEFs of indicated genotypes were grown in 150mm 2 culture dishes. 3 3 7
Cells were washed with ice-cold PBS, pH 7.4. An equal number of cells were suspended in 3 3 8 intracellular buffer (120 mM KCl, 10 mM NaCl, 1 mM KH2PO4, 20 mM HEPES-Tris, pH 7.2) 3 3 9
supplemented with SIGMAFAST™ Protease Inhibitor Cocktail (Sigma-Aldrich, Cat#S8830), and 3 4 0 permeabilized with digitonin (80 µg/mL) for 5 min at room temperature. The cytochrome c 3 4 1 release was induced by adding tBid (20nM) and incubating the cell suspension at 30°C for 3 4 2 30 min. Cell homogenates were spun at 16,500 g, 4°C for 10 min, and the supernatant 3 4 3 (cytosolic fraction) was removed. Pellets were lysed 1XRIPA buffer and centrifuged at 16,500 g, 3 4 4 4°C for 10 min to obtain the total cell lysate. Both total cell lysate and cytosolic fractions were 3 4 5 immunoblotted using the cytochrome c antibody. 3 4 6 m Ca 2+ flux analysis 3 4 7 m Ca 2+ flux was analyzed as described earlier (Luongo et al., 2015; Tomar et al., 2016) . Briefly, 3 4 8 cells were washed in Ca 2+ -free DPBS (Thermo Fisher Scientific, Cat#14190235). An equal 3 4 9 number of cells (7x10 6 cells) were resuspended and permeabilized with 40 µg/ml digitonin in 1.5 3 5 0 ml of intracellular medium (120 mM KCl, 10 mM NaCl, 1 mM KH2PO4, 20 mM HEPES-Tris, pH 3 5 1 7.2), containing 2 µM thapsigargin to block the SERCA pump, and supplemented with 5 mM 3 5 2 succinate. Fura-FF (1µM) was loaded to the cell suspension, and fluorescence was monitored in 3 5 3 a multiwavelength excitation dual-wavelength emission fluorimeter (Delta RAM, PTI).
5 4
Extramitochondrial Ca 2+ is shown as the excitation ratio (340 nm/380 nm) of Fura-FF 3 5 5 fluorescence. A Ca 2+ bolus, and then mitochondrial uncoupler, FCCP (2 µM), were added at the 3 5 6 indicated time points (8, 9) . All the experiments were performed at 37°C with constant stirring. were isolated from HEK293T MICU1 -/cells reconstituted with MICU1-BioID2-HA. Mitochondrial 5 2 9 fractions were subjected to increasing digitonin concentrations to permeabilize the outer 5 3 0 mitochondrial membrane (OMM) and inner mitochondrial membrane (IMM). Proteinase K 5 3 1 treatment was performed to cleave the exposed proteins, and mitochondrial fractions were 5 3 2 probed with indicated antibodies. (H) HEK293T MICU1 -/and HEK293T MCU -/cells were 5 3 3 transfected with plasmids encoding BioID2-HA or MICU1-BioID2-HA. Cells were cultured in the 5 3 4 presence or absence of biotin (50µM) for 16h. Cells were collected, washed with PBS 2 times, 5 3 5 and lysed in BioID2 lysis buffer. An aliquot of the lysates were subjected to western blotting 5 3 6
using the anti-BioID2 antibody and Streptavidin to validate effective biotinylation of cellular 5 3 7 proteins. (I) Protein samples were subjected to Streptavidin based pull-down and digested with 5 3 8 trypsin. LC-MS/MS analysis of 10% of total digests in duplicate runs was performed by on-line 5 3 9 analysis of peptides by a high-resolution, high-accuracy LC-MS/MS system (Thermo Fisher 5 4 0 Scientific). Estimated protein abundance after global sample normalization was used to 5 4 1 compare different groups. 5 4 2 
